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In the vertebrate central nervous system (CNS), diverse cellular types are generated in response to inductive signals provided by
specialized cellular groups that act as organizing centers. The roof plate is a critical dorsal signaling center that occupies the dorsal midline of
the developing CNS along its entire anterior–posterior axis. During caudal neural tube development, the roof plate produces proteins of the
Bmp and Wnt families controlling proliferation, specification, migration, and axon guidance of adjacent dorsal interneurons. Although
primarily investigated in the developing spinal cord, a growing number of studies indicate that roof plate-derived signals are also critical for
the patterning of dorsal structures in more rostral regions of CNS including the hindbrain, diencephalon and telencephalon. In this review, we
discuss recent progress towards understanding the molecular and cellular mechanisms of roof plate-dependent patterning of the dorsal CNS.
D 2004 Elsevier Inc. All rights reserved.
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The vertebrate central nervous system (CNS) derives
from the neural plate, an epithelial sheet that arises from the
dorsal ectoderm of the gastrula-stage embryo (Lee and
Jessell, 1999). Subsequently, the neural plate closes to form
a neural tube, which becomes patterned along its anterior–
posterior and dorsal–ventral axes. Shortly after neural tube
closure, a series of vesicles can be clearly distinguished
morphologically at the anterior end of the neural tube of the
mouse embryo, indicating its pattern along the anterior–
posterior axis (Fig. 1A). The most anterior end of the neural
tube gives rise to the forebrain consisting of the tele-
ncephalon and the diencephalon, while more posterior
regions form the midbrain, the hindbrain (that is further
divided into seven segmental rhombomeres), and the spinal
cord (Figs. 1A, B) (Joyner, 2002).0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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E-mail address: kmillen@genetics.bsd.uchicago.edu (K.J. Millen).Along the entire anterior–posterior axis of the CNS, a
morphologically distinct subset of cells on the dorsal
midline can be identified beginning shortly after neural
tube closure (Fig. 1C). These cells form the roof plate, an
organizing center that produces secreted molecules that non-
autonomously control multiple aspects of the dorsal CNS
development. Although the specialized morphological
features of the roof plate have long been recognized, its
signaling properties have only recently been appreciated. In
this review, we will discuss recent studies that have begun to
investigate the molecular and cellular mechanisms of roof
plate-dependent patterning of dorsal CNS.Roof plate-dependent patterning of the developing spinal
cord
Dorsal patterning mechanisms are best described in the
developing spinal cord. The early spinal cord has a
relatively straightforward anatomy compared to more rostral
CNS regions, and numerous markers have been described
that delineate different cell types within the developing277 (2005) 287–295
Fig. 1. Roof plate visualization and schematic diagram of subdivision of neural tube along A–P axis in early mouse embryo. (A) Side view of mouse embryo at
embryonic day 10.5 (e10.5) hybridized with a Gdf7 probe to visualize roof plate. The roof plate, evident at all axial levels except telencephalon, where it is
buried between the hemispheres (see Fig. 3 for details), is marked by arrows. The fourth ventricle roof plate over the rostral hindbrain is greatly expanded. (B)
Schematic diagram of the forebrain, midbrain, hindbrain, and spinal cord territories, which are illustrated in green, yellow, red and blue, respectively. The
forebrain is further subdivided into the telencephalon (tel) and the diencephalon (di). The hindbrain is subdivided into its constituent rhombomeres
(rhombomeres 1–7). (C) Cross-section of the mouse developing spinal cord at e10.5. Roof plate cells visualized by hybridization with a Gdf7 in situ probe are
marked by an arrow and are a single layer of cells located on the dorsal midline just under the epidermis.
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of dorsal interneuron progenitors, partially defined by non-
overlapping expression domains of basic helix–loop-helix
transcription factors including Math1 (or its chick homolog
Cath1), Ngn1/2 and Mash1 (or its chick homolog Cash1),
arise in the ventricular region of both the mouse and chick
developing dorsal spinal cord (for more information, seeFig. 2. Dorsal interneuron specification in developing spinal cord of mouse and c
wild type mouse and chick developing spinal cord. Roof plate (red), Math1 (Cath
(Cash1)-expressing domain (blue) and 6 classes of dorsal interneurons (dI1–6) ar
Math1 and Ngn1/2-expressing domains accompanied by loss of dI1–3 interneuron
midline. (C) In the dreher mouse, which has no roof plate in developing spinal cord
The number of dI1 interneurons is decreased and they are also shifted dorsally. No
domains as well as about specification of dI2–6 interneurons. (D) In chick with ec
domain is expended ventrally at the expense of the Ngn1/2 and the Cash1-expr
ventrally at the expense of dI2–6 interneurons. (E) Strong activation of Bmp signa
stage 14–16 chick spinal cord does not affect roof plate development but causes v
and Cash1-expression domains. dI1 interneurons are increased in numbers and exp
not affect roof plate development in the mouse but causes loss of the late Math1
interneurons. Other classes of dorsal progenitors and dorsal interneurons are not
development in the mouse but causes severe reduction of Math1 and Ngn1/2-ex
Mash1-expressing domain and dI4–6 interneurons are extended dorsally.Caspary and Anderson, 2003; Helms and Johnson, 2003).
These progenitors differentiate into six classes of early
dorsal interneurons (dI1–6) initially distinguished by cell
type-specific expression of several homeodomain transcrip-
tion factors (Fig. 2A) (Gross et al., 2002; Muller et al.,
2002). Math1-expressing progenitors give rise to dI1
interneurons (Helms and Johnson, 1998), Ngn1/2-expres-hick embryos with affected roof plate signaling. (A) Schematic diagram of
1)-expressing domain (yellow), Ngn1/2-expressing domain (green), Mash1
e shown. (B) Roof plate ablation in the Gdf7-DTA mouse leads to loss of
s. The mash1-expressing domain and dI4–6 interneurons extend across the
, the Math1-expressing domain is significantly reduced and shifted dorsally.
information is available about the extent of Ngn1/2 and Mash1-expression
topic roof plate induced by Lmx1a/b overexpression, the Cath1-expressing
ession domains. dI1 interneurons are increased in numbers and expanded
ling by overexpression of Bmp4/7 or constitutively active Bmp receptors in
entral expansion of Cath1-expressing progenitors at the expense of Ngn1/2
anded ventrally at the expense of dI2–6 interneurons. (F) Loss of Gdf7 does
-positive dI1 progenitors preventing formation of dI1B subclass of dorsal
affected. (G) Simultaneous loss of Wnt1/Wnt3a does not affect roof plate
pressing domains accompanied by partial loss of dI1–3 interneurons. The
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2001) and Mash1-positive progenitors are likely to give rise
to dI3–5 cells (Qian et al., 2002). dI6 progenitors have not
been identified yet, although Pax7+/Dbx2+/Mash1 cells in
the intermediate neural tube have been proposed as possible
candidates for dI6 progenitors (Helms and Johnson, 2003;
Muller et al., 2002). As development proceeds, dorsal
interneurons undergo complex cellular migrations generat-
ing neuronal circuits that are critical for processing
somatosensory information and coordinating motor output
(Caspary and Anderson, 2003; Helms and Johnson, 2003).
The stereotypic organization of the dorsal spinal cord is
highly dependent on activity of the roof plate-signaling
center. Roof plate progenitors are induced in the lateral
regions of the closing neural plate as the result of Bmp
signaling from the adjacent epidermal ectoderm (reviewed
in Chizhikov and Millen, 2004a). Both roof plate progen-
itors and mature roof plate cells express the LIM-homeo-
domain transcription factors Lmx1a/b, demonstrated to be
both necessary and sufficient for roof plate induction
(Chizhikov and Millen, 2004b,c; Millen et al., 2004;
Millonig et al., 2000). As the caudal neural tube closes,
roof plate progenitors differentiate into mature roof plate
cells, which occupy the dorsal midline region (Fig. 2A) and
act as a dorsal midline organizing center controlling
numerous aspects of dorsal spinal cord development.
Signals from the roof plate control dorsal interneuron
specification and differentiation
The first evidence for a role of the roof plate in dorsal
spinal cord patterning came from chick in vitro studies. In
these experiments, apposition of the roof plate to naive
caudal neural plate tissue induced two classes of dorsal
interneurons, dI1 and dI3 (formerly known as D1 and D2
interneurons, respectively) (Liem et al., 1997) suggesting
that roof plate signaling may be important for dorsal cell fate
specification. This hypothesis was subsequently confirmed
by several studies investigating the role of the roof plate in
vivo. Genetic ablation of Gdf7-expressing roof plate cells in
the developing mouse spinal cord led to subsequent loss of
the three most dorsal classes of dorsal interneurons, dI1–3,
and a compensatory increase in dI4–6 interneurons (Fig.
2B) (Lee et al., 2000a; Muller et al., 2002). Importantly,
lineage analysis demonstrated that the loss of dorsal
interneurons observed in these roof plate-ablated mice
(frequently referred as Gdf7-DTA mice) resulted from loss
of roof plate signaling rather than direct elimination of
dorsal interneuron progenitors (Lee et al., 2000a). This
study was the first to demonstrate a role for roof plate
signaling in vivo. It also divided all early dorsal interneur-
ons into two groups depending on the requirement of roof
plate signaling for their development. Specification of dI1–3
interneurons was shown to rely on roof plate signaling,
while development of dI4–6 cells did not require signals
from the roof plate. Furthermore, increases in the numbersof dI4–6 interneurons observed in Gdf7-DTA roof plate
ablated mice indicated that roof plate signaling normally
inhibits specification of these cellular types.
A role of roof plate for dorsal spinal cord interneuron
specification in vivo was concurrently supported by analysis
of spontaneous neurological mouse mutant dreher. In the
dreher mouse, inactivation of the LIM-homeodomain tran-
scription factor Lmx1a disrupts roof plate development in
the spinal cord. Failure of roof plate formation is accom-
panied by reduction of adjacent dI1 interneurons (Fig. 2C)
(Millen et al., 2004; Millonig et al., 2000). Since Lmx1a
expression in the developing dorsal spinal cord is restricted
to the roof plate (Chizhikov and Millen, 2004b; Failli et al.,
2002; Millen et al., 2004), this phenotype is a result of
altered non-autonomous roof plate signaling. Further sup-
port for an in vivo role for the roof plate in dorsal spinal
cord patterning came from chick electroporation studies. In
these experiments, ectopic roof plate generated by over-
expression of Lmx1a or Lmx1b transcription factors caused
non-autonomous induction of dI1 interneurons at ectopic
position at the expense of dI2–6 interneurons (Fig. 2D)
(Chizhikov and Millen, 2004b,c).
In addition to its role in neuronal specification, roof plate
signaling has also been demonstrated to influence both axon
guidance and migration of dI1 interneurons. In vitro,
Augsburger et al. (1999) identified the roof plate as the
source of a diffusible repellent that orients commissural
(dI1) axons. These studies have also been confirmed in vivo
through analysis of mutant mice (Butler and Dodd, 2003;
Millen et al., 2004).
The molecular nature of roof plate signaling regulating
dorsal interneuronal specification in the developing spinal
cord
Several classes of secreted factors have been implicated
as mediators of roof plate patterning activity in the
developing spinal cord. Most notable are secreted members
of bone morphogenetic protein (Bmp) and Wingless-related
mouse mammary tumor virus integration site (Wnt)
families.
Bmp signaling
Several members of the Bmp family are specifically
expressed in the roof plate during neural tube development
at the time of dorsal interneuron formation in both mouse
and chick. In vivo experiments have shown that the addition
of Gdf7, Bmp4, Bmp6, or Bmp7 proteins can mimic the
ability of the roof plate to induce dI1 and dI3 interneurons in
naRve caudal neural plate tissue explants (Lee et al., 1998;
Liem et al., 1997).
Chick electroporation experiments further support the
role of Bmps as mediators of roof plate signaling in vivo. In
particular, strong upregulation of Bmp signaling in stages
14–16 chick neural tube by expressing either Bmp4/7 or
constitutively active Bmp receptors (Bmpr1a and Bmpr1b)
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dI1 interneurons at the expense of other interneuronal cell
types (Fig. 2E) (Chizhikov and Millen, 2004c; Liu et al.,
2004; Timmer et al., 2002). Recent evidence indicates that
this phenotype may be at least partially mediated by the
homeodomain transcription factor Msx3, which is normally
expressed in the developing dorsal spinal cord and is
induced by Bmp expression (Liu et al., 2004). More
moderate upregulation of Bmp signaling using an expres-
sion construct that generated an extremely low level of an
activated Bmp receptor specifically induced dI3 interneur-
ons but not dI1 interneurons (Timmer et al., 2002). These
data indicate that at least dI1 and dI3 interneurons are
generated in response to different levels of Bmp signaling in
vivo.
Loss-of-function studies in the mouse have shown that
roof plate-derived Gdf7 has a very specific role in patterning
of the dorsal most subset of dI1 interneurons (originally
termed as D1A interneurons) (Fig. 2F) (Lee et al., 1998).
Although genetic studies in mice have provided little
information about involvement of other members of Bmp
family in dorsal spinal cord interneuron development
(Dudley et al., 1995; Luo et al., 1995; Winnier et al.,
1995; Zhang and Bradley, 1996), analysis of mutants in
zebrafish which disrupt several components of Bmp signal-
ing pathways (swirl/bmp2b, snailhouse/bmp7, and somita-
bun/smad5), shows that Bmp signaling is essential for
development of dorsal sensory Rohon-Beard neurons in the
spinal cord (Nguyen et al., 2000). Furthermore, down-
regulation of Bmp signaling by early overexpression of the
Bmp inhibitors noggin and follistatin, severely reduced the
ability of ectopic Lmx1a/b-induced roof plate to repattern
chick dorsal spinal cord tissue, directly establishing Bmps as
necessary components of roof plate signaling in vivo
(Chizhikov and Millen, 2004c). The role of Bmps as major
components of roof plate signaling in chick caudal CNS was
further supported by short-hairpin siRNA-mediated down-
regulation of Smad4, an obligate Bmp signal transduction
component. Electroporation of Smad4-siRNA in the early
chick developing spinal cord resulted in loss or reduction of
the Cath1, Ngn1, and Cash1 expressing domains and
transformation of dI1–3 interneurons into dI4–6 cells
(Chesnutt et al., 2004).
In addition to the patterning of dorsal caudal CNS, Bmp
signaling is also involved in controlling proliferation of
dorsal spinal cord progenitors. Interestingly, distinct roles
for different Bmp receptors have been proposed in this
process. Results from overexpression of constitutively
active Bmp receptors, Bmpr1a and Bmpr1b, in transgenic
mice and in neural progenitor cell cultures suggest that
Bmpr1a, normally expressed in early spinal cord, promotes
cellular proliferation. At the same time, however, Bmpr1a
induces expression of Bmpr1b. In contrast, Bmpr1b induces
differentiation. Sequential activation of Bmpr1a and
Bmpr1b receptors has been proposed as a feed-forward,
self-limiting process that may be important for regulation ofnot only identity of dorsal spinal cord interneuron popula-
tions but also for determination of their size (Panchision et
al., 2001). Recently, it has been suggested that mitogenic
effects of Bmps may be mediated by Wnt signals, which act
downstream of Bmps in both chick and mouse developing
spinal cord (Chesnutt et al., 2004; Panchision et al., 2001).
Wnt signaling
Proteins of Wnt family have also been implicated as
components of roof plate signaling. Several members of
the Wnt family, including Wnt1 and Wnt3a, are expressed
in the dorsal midline region in both mouse and chick
developing spinal cord at the time of dorsal interneuron
formation (Hollyday et al., 1995; Megason and McMahon,
2002). Although Wnts have primarily been considered as
mitogenic signals for neural tube cells (Dickinson et al.,
1994; Megason and McMahon, 2002), recent studies
indicate that Wnt signaling also has patterning activity.
In particular, analysis of Wnt1/Wnt3a double mutant
mouse embryos revealed a severe reduction of dI1–3
interneurons accompanied by an increase in more ventrally
located Lim1/Pax2 double positive (presumably dI4 or dI6)
interneurons (Fig. 2G) (Muroyama et al., 2002). Impor-
tantly, roof plate development was not affected in the
Wnt1/Wnt3a double mutant spinal cord, as detected by
expression of several roof plate specific markers, including
Gdf7 and Bmp4. Nevertheless, defects in dorsal inter-
neuron specification described in Wnt1/Wnt3a mutant
embryos were very similar, although less severe, to those
observed in Gdf7-DTA roof plate ablated mouse embryos
(compare Figs. 2B and G). These data suggest that Wnts
may be important components of roof plate signaling in
mouse developing spinal cord. It is worth mentioning that
inactivation of Lmx1a in the dreher mouse results in
complete loss of roof plate Bmp signaling while some Wnt
signaling in the caudal CNS is preserved (Millen et al.,
2004). Discovery of the patterning activity of Wnt proteins
in the mouse spinal cord may explain why some dI1–3
interneurons are still specified in the dreher spinal cord,
despite the loss of Bmp signaling.
Surprisingly, manipulation of the levels of Wnt signaling
in normal chick embryonic spinal cord (Chesnutt et al.,
2004), or spinal cord with ectopic Lmx1a/b-induced roof
plate (Chizhikov and Millen, 2004c) did not reveal an
instructive role for Wnt signaling for most classes of dorsal
interneurons. Taken together with Wnt1/Wnt3a knockout
studies, these data suggest that there may be differences in
the role of Wnt signaling between chick and mouse
developing spinal cord.
Other signals/mechanisms
As described above, currently, Bmps, and at lesser extent
Wnts, are considered to be the major components of roof
plate signaling that act as graded morphogens for inter-
neuron specification and differentiation in developing dorsal
spinal cord. There is additional data, however, that does not
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for dorsal spinal cord development. In the developing spinal
cord, the homeodomain transcription factor Lbx1 is specif-
ically expressed in dI4–6 interneurons and is critical for
preventing these cells from adopting more dorsal (e.g., dI2
and dI3) neuronal fates (Gross et al., 2002; Muller et al.,
2002). As expected, loss of Lbx1 does not affect roof plate
development but leads to a somewhat surprising phenotype.
In the Lbx1/ spinal cord, dI1–3 interneurons develop
normally. dI4 cells, however, adopt a dI2 fate, while dI5
interneurons adopt a dI3 fate. Together, these results
strongly suggest that some other signals/mechanisms act
to specify the dorsal spinal cord in addition to dorsal
gradients of Bmp and Wnt proteins. These may include roof
plate derived retinoic acid signaling, which has recently
been proposed to influence dorsal spinal cord development
(Wilson et al., 2004). Additional experiments are required,
however, to further define its significance.
The molecular nature of roof plate signaling regulating dI1
interneuron migration and axon guidance in developing
spinal cord
Explant studies have shown that Bmp7 can mimic the
roof plate repellent activity to axons of dI1 progenitors in
vitro. In addition, a soluble Bmp7 inhibitor, follistatin, was
sufficient to block the roof plate repellent activity under
these experimental conditions (Augsburger et al., 1999)
further suggesting an important role for Bmp7 in early
extension of axons of dI1 progenitors. Bmp7 and Gdf7,
another member of Bmp family normally expressed in the
mouse roof plate, are also required for the fidelity of dI1
axon growth in vivo (Butler and Dodd, 2003).
Currently, the molecular nature of roof plate signaling
that controls migration of postmitotic dI1 precursors is
poorly understood. Bmps, however, are good candidates for
the role in this process, since loss of Bmp6/7 and Gdf7
expression in the caudal roof plate of the dreher mouse is
associated with migration defects of adjacent dI1 progeni-
tors (Millen et al., 2004).Roof plate-dependent patterning of the rostral CNS
Cells with roof plate morphology are found not only in
the developing spinal cord, but also in the rostral CNS
extending to the lamina terminalis at the base of the
forebrain. In the rostral CNS, studies of dorsal patterning
have been limited by the more complex morphology of
the developing neural tube and by the lack of panels of
well-defined markers identifying each dorsal neuronal cell
type and its progenitors in a manner equivalent to the
dI1–6 populations of the developing spinal cord. Never-
theless, there is considerable evidence that roof-plate-
dependent signaling is critical to pattern rostral CNS
development.Dorsal hindbrain development
Rhombomeres 2–7
Rhombomeres 2–7 of the hindbrain share many similar-
ities with the spinal cord including a relatively simple
morphological organization and expression of many genes,
suggesting that some aspects of dorsal specification and
organization are conserved between the hindbrain and the
spinal cord. The role of the roof plate in dorsal hindbrain
specification, however, is poorly documented primarily due
to the lack of well-described markers for the dorsal
populations. Some markers are available, however. For
example, the homeodomain-encoding genes, Tlx1 and Tlx3,
each expressed in distinct dorso-lateral columns, which are
contiguous along the length of the hindbrain and into the
spinal cord (Logan et al., 1998; Qian et al., 2001). Both Tlx1
and Tlx3 have been shown to be required for sensory relay
neurons in the hindbrain (Cheng et al., 2004; Qian et al.,
2001, 2002). Within the spinal cord, the dorso-ventral limits
of Tlx3 align with the Mash1-positive progenitor zone,
which is the origin of dI3–dI5 interneurons within the spinal
cord (Cheng et al., 2004). Since the expression domain of
Mash1 in the spinal cord is dependent on Bmp signaling
(Timmer et al., 2002), it is not unreasonable to expect that
similar mechanisms operate during hindbrain development.
This hypothesis has not yet been formally tested.
Rhombomere 1
Dorsal rhombomere 1 is significantly divergent from the
more posterior segments of the hindbrain. It undergoes
complex morphological changes during development to
form the cerebellum (reviewed in Chizhikov and Millen,
2003; Wang and Zoghbi, 2001). Chick-quail grafting studies
have identified the cerebellar granule neurons as the dorsal-
most neuronal population in the region. Cerebellar granule
neurons are induced in the rhombic lip, a germinal structure
located adjacent to the roof of the 4th ventricle (Wingate,
2001; Wingate and Hatten, 1999). Gdf7 and Bmp6/7 are
normally expressed in the mouse hindbrain roof plate. In
vitro explant studies have demonstrated that these Bmp
signals are sufficient to initiate the program of granule cell
specification in the cerebellar territory (Alder et al., 1999).
These data suggest that the hindbrain roof plate may
therefore be involved in cerebellar granule cell specification.
Nevertheless, these data do not directly identify the roof
plate as a signaling center controlling granule cell specifi-
cation since Bmps are expressed not only in the roof plate
but also in adjacent non-neural ectoderm at this axial level.
Further evidence supporting a role for the roof plate in
cerebellar development has come from dreher mutant
mouse analysis. The adult dreher cerebellum is usually
reduced in size and lacks most of its medial domain, the
vermis. During embryogenesis, the roof plate adjacent to the
perspective cerebellar territory is severely reduced in size
(Manzanares et al., 2000; Millonig et al., 2000). Since
Lmx1a is expressed in the roof plate and is required for roof
Fig. 3. Schematic diagram of early (e9.5–e12.5) mouse telencephalon
development. (A) As the neural tube closes, roof plate cells (RP, red)
occupy the dorsal midline of the developing telencephalon. (B) As
development proceeds, the roof plate invaginates relative to the lateral
neuroepithelium. (C) Several dorsal epithelial types are eventually form in
the developing telencephalon. Choroid plexus (cpe) and cortical hem (hem)
are red. The hippocampal field (hf) is black, the neocortex (neo) is grey. (D)
Cross-section of the mouse developing telencephalon at e12.5. Choroid
plexus and cortical hem are visualized by hybridization with a Lmx1a in
situ probe.
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dreher mouse likely result from defects in hindbrain roof
plate signaling (Millonig et al., 2000). Further studies are
required to test this hypothesis.
Another structure developmentally associated with dorsal
rhombomere 1 is the locus coeruleus, the major noradre-
nergic center of the brain. Locus coeruleus neurons are
initially generated from a Mash1-positive ventricular zone
of dorsal rhombomere 1. As they differentiate, these neurons
initiate expression of the homeodomain-encoding genes,
Phox2a and Phox2b, and migrate to their eventual ventral
location. In chick, application of the Bmp inhibitor, noggin,
lateral to the developing mid/hindbrain junction resulted in a
complete loss or dorsal shift of Phox2-positive neurons.
This suggests that these neurons form in response to a
graded dorsal Bmp signal either from the roof plate or
adjacent epidermal ectoderm (Vogel-Hopker and Rohrer,
2002). Since the application of noggin causes roof plate
defects, it is likely that the defects of the locus coeruleus are
associated with the loss of other roof plate signals as well.
Dorsal diencephalon development
Several lines of evidence have indicated that the roof
plate patterns the dorsal diencephalon. In the mouse neural
tube, Msx1, a well-described downstream effector of Bmp
signaling (Furuta et al., 1997; Liu et al., 2004; Timmer et al.,
2002), is expressed in the roof plate of the rostral CNS
(Bach et al., 2003). Targeted inactivation of Msx1 caused
specific loss of the diencephalic roof plate. This resulted in
downregulation of Pax6/7 and Lim1 expression lateral to
the midline, demonstrating the importance of roof plate
signaling for dorsal diencephalon patterning. At later stages,
failure to form functional roof plate precludes development
of the dorsal subcommissural organ and leads to prenatal
hydrocephalus (Bach et al., 2003). Similar disruptions of
dorsal patterning were described in a transgenic mouse line
where ectopic En1 expression on the dorsal midline of the
diencephalon caused death of the roof plate. This resulted in
failure of subcommissural organ development and loss of
the posterior commissure, a major dorsal axonal tract that
forms at the mesencephalic/diencephalic boundary. Defects
of pineal gland, which is a dorsal structure located
immediately adjacent to the midline at the rostral limit of
the dorsal diencephalon, were also reported in these mice
(Louvi and Wassef, 2000). In zebrafish, an intact dorsal
midline and nodal signaling are required for correct pineal
gland patterning (Concha et al., 2000; Liang et al., 2000),
indicating that roof plate patterning of the rostral CNS is an
evolutionarily conserved feature of CNS development.
Dorsal telencephalon development
In contrast to more caudal CNS regions, the roof plate
undergoes a dramatic morphological transformation in the
developing telencephalon, as illustrated in Fig. 3. Unlike thespinal cord, which retains its tubular profile throughout life,
the dorsal midline of the telencephalon becomes buried
between the two cerebral hemispheres as they expand. This
binvaginationQ of the dorsal midline region is accompanied
by a differentiation of the roof plate into a monolayer
epithelium, the choroid plexus, and a small intermediate
multilayered epithelium known as the cortical hem. Both
these structures express multiple Bmp and Wnt family
members (Grove et al., 1998). Lateral regions of the
developing telencephalon become the hippocampal field
and neocortex.
Telencephalic roof plate ablation studies, using diphthe-
ria toxin expression under control of the Gdf7 locus
(Monuki et al., 2001), represents the only published study
specifically examining the phenotypic consequences of loss
of the telencephalic roof plate and its derivatives, the
choroid plexus and cortical hem. In ablated mice, there was
extensive loss of choroid plexus and cortical hem cells, with
diminished adjacent Lhx2 expression in a significantly
reduced cortex. These results suggest that the choroid
plexus and cortical hem are critical for regulating the
patterning and proliferation of the adjacent Lhx2-expressing
lateral telencephalon.
The initial search for mediators of the telencephalic roof
plate signaling focused on Bmp proteins as possible
candidates. Multiple Bmp genes are expressed at high
levels in the forebrain roof plate, including the choroid
plexus and cortical hem. There is some functional data to
support a patterning role for Bmps in the telencephalon,
since exogenous Bmps can induce forebrain patterning
defects (Golden et al., 1999) and mice lacking both Bmp5
and Bmp7 (Solloway and Robertson, 1999) or the Bmp
antagonists, Chordin and Noggin (Bachiller et al., 2000),
have small and abnormal forebrains. These phenotypes,
however, are complicated by expression patterns that also
include multiple regions beyond the roof plate (Furuta et
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1999). The observation that roof plate regulation of Lhx2
expression can be mimicked in vitro using Bmp2/4
peptides (Monuki et al., 2001) also supports a role for
Bmps in dorsal telencephalon development.
To directly test the role of Bmps as mediators of
telencephalic roof plate signaling in vivo, a conditional null
mutation was made in the Bmp receptor 1a gene (Bmpr1a)
(Hebert et al., 2002). Bmpr1a is expressed throughout the
developing telencephalon, including the dorsal midline. In
the absence of cre-recombinase, the Bmpr1a locus remains
completely functional. The conditional Bmpr1a mutant
mice were bred to Foxg1-cre mice, which express cre-
recombinase throughout the telencephalon including the
dorsal midline. In compound mutant mice, Bmpr1a expres-
sion was lost throughout the telencephalon, resulting in a
surprising phenotype. The phenotype was limited to just the
midline cells and did not include cells of the hem, where
Bmps are also expressed. The lateral telencephalon was also
unaffected. Loss of Bmp signaling resulted in the specific
loss of roof plate-derived choroid plexus. The cells that
normally become choroid plexus cells in the mutants
remained as partially specified progenitors in a proliferative
state similar to adjacent lateral neurepithelium. However,
these partially specified cells failed to express markers of
cortical hem or lateral telencephalon (Hebert et al., 2002). A
specific role of Bmp signaling in choroid plexus specifica-
tion was also confirmed by the phenotype of Bmpr1a
transgenic mice overexpressing a constitutively active form
of Bmpr1a under the control of the nestin enhancer. These
transgenic mice globally expressed the activated receptor
throughout the entire ventricular zone of the brain. In these
overexpressing mice, all of the telencephalic alar plate was
converted into choroid plexus. Ventral neural tube was not
affected (Panchision et al., 2001). Taken together, these data
demonstrate that Bmp signaling is only required to pattern
the dorsal midline itself. At the same time, these studies did
not find evidence supporting the role of Bmp signaling in
global, concentration-dependent specification of lateral
telencephalic cell fates in a manner similar to the roof plate
of the developing spinal cord. This conclusion is also
supported by more recent in vitro experiments (Gunhaga et
al., 2003).
Wnt signaling, in contrast, has a more global role in
telencephalic development. At early stages, Wnt expres-
sion is not restricted to the presumptive dorsal midline, but
is broadly expressed in the dorsal telencephalon. To
directly study the role of Wnt activity in dorsal tele-
ncephalon patterning, Gunhaga et al. (2003) applied
differing concentrations of Wnts or an antagonist of Wnt
signaling, a soluble fragment of the frizzled receptor 8
protein, to chick rostral neural plate explants or whole
chick embryos. Authors demonstrate that Wnt signals act
to block ventral cell fate and induce early dorsal character
in telencephalic cells, including induction of Pax6 and
Ngn2. Subsequently, coincident Wnt and Fgf signaling issufficient to induce definitive dorsal (Emx1+) telencepha-
lon. Fgf signaling appears to have an additional role in
generating dorsal midline cells (Crossley et al., 2001;
Storm et al., 2003).
Once the dorsal midline is established, multiple Wnt
family members, including Wnt3a, are expressed primarily
within the cortical hem. Mice lacking Wnt3a have a near
complete deletion of the hippocampus, the dorsolateral
cortical fate, which derives from the neurepithelium
directly adjacent to the cortical hem (Lee et al., 2000b).
A similar phenotype is observed in mice with mutations in
the downstream Wnt signaling pathway genes Gli and
Lef1 (Galceran et al., 2000; Grove et al., 1998). In Wnt3a
mutant mice, however, there is normal initial expression of
Wnt8b, a marker of the hippocampal region. This result
suggests that the hippocampal region may be correctly
specified, but fails to proliferate in these mutants (Lee et
al., 2000b). This indicates that cortical hem Wnt expres-
sion may serve only as a mitotic factor regulating the
extent of proliferation of already specified adjacent dorsal
cell fates.Conclusions
During the last several years, numerous mouse and
chick studies have firmly established the roof plate as a
signaling center critical for dorsal spinal cord develop-
ment. These studies have also identified Bmps and Wnts
as important mediators of roof plate signaling that initiate
multiple pathways controlling the specification, prolifer-
ation, and differentiation of neurons in the developing
dorsal spinal cord. Despite significant progress, we are
still far from understanding the global picture of dorsal
spinal cord development. The classic model of the dorsal
interneuron specification in response to a roof plate-
derived Bmp gradient well describes dI1 interneuron
generation and partially dI3 interneuron generation but
not the formation of the other classes of dorsal
interneurons. Further advances, especially in the read-out
of the roof plate-derived Bmp and Wnt signaling path-
ways are clearly required for a better understanding of
early dorsal spinal cord development. Experimental
evidence demonstrates that roof plate signals are also
critical for hindbrain and forebrain patterning. The role of
the roof plate in midbrain development remains to be
addressed. Limited numbers of studies suggest that roof
plate-derived Bmp signaling is critical for rostral roof
plate function. Wnt signaling has been shown to have
specific role in dorsal telencephalon patterning. Never-
theless, the molecular nature of roof plate signaling in
rostral CNS is still poorly understood. The development
of extensive panels of well-defined markers identifying
each dorsal neuronal cell-type and its progenitors in the
rostral neural tube is absolutely required for further
progress in this area.
V. Chizhikov, K.J. Millen / Developmental Biology 277 (2005) 287–295294Note added in proof
Crenshaw and colleagues recently reported generation of
conditional double knockouts of both Bmpr1a and Bmpr1b.
They conclude that signaling through Bmp type 1 receptors
is required for the formation of dI1 and dI2 interneurons in
the mouse developing spinal cord. (Wine-Lee, L., Ahn, K.J.,
Richardson, R.D., Mishina, Y., Lyons, K.M., Crenshaw,
E.B., 2004. Signaling through BMP type 1 receptors is
required for development of interneuron cell types in the
dorsal spinal cord. Development 131, 5393–5403).Acknowledgments
We are grateful to Lee Niswander for sharing unpub-
lished data. We thank Anne Lindgren, Inessa Grinberg, and
Ekaterina Steshina for helpful discussion of the manuscript.
This work was supported by grants from the Brain Research
Foundation and the Whitehall Foundation.References
Alder, J., Lee, K.J., Jessell, T.M., Hatten, M.E., 1999. Generation of
cerebellar granule neurons in vivo by transplantation of BMP-treated
neural progenitor cells. Nat. Neurosci. 2, 535–540.
Augsburger, A., Schuchardt, A., Hoskins, S., Dodd, J., Butler, S., 1999.
BMPs as mediators of roof plate repulsion of commissural neurons.
Neuron 24, 127–141.
Bach, A., Lallemand, Y., Nicola, M.A., Ramos, C., Mathis, L., Maufras,
M., Robert, B., 2003. Msx1 is required for dorsal diencephalon
patterning. Development 130, 4025–4036.
Bachiller, D., Klingensmith, J., Kemp, C., Belo, J.A., Anderson, R.M.,
May, S.R., McMahon, J.A., McMahon, A.P., Harland, R.M., Rossant,
J., De Robertis, E.M., 2000. The organizer factors chordin and
noggin are required for mouse forebrain development. Nature 403,
658–661.
Butler, S.J., Dodd, J., 2003. A role for BMP heterodimers in roof plate-
mediated repulsion of commissural axons. Neuron 38, 389–401.
Caspary, T., Anderson, K.V., 2003. Patterning cell types in the dorsal spinal
cord: what the mouse mutants say. Nat. Rev., Neurosci. 4, 289–297.
Cheng, L., Arata, A., Mizuguchi, R., Qian, Y., Karunaratne, A., Gray, P.A.,
Arata, S., Shirasawa, S., Bouchard, M., Luo, P., Chen, C.L., Busslinger,
M., Goulding, M., Onimaru, H., Ma, Q., 2004. Tlx3 and Tlx1 are post-
mitotic selector genes determining glutamatergic over GABAergic cell
fates. Nat. Neurosci. 7, 510–517.
Chesnutt, C., Burrus, L.W., Brown, A.M., Niswander, L., 2004. Coordinate
regulation of neural tube patterning and proliferation by TGFbeta and
WNT activity. Dev. Biol. 274, 334–347.
Chizhikov, V., Millen, K.J., 2003. Development and malformations of the
cerebellum in mice. Mol. Genet. Metab. 80, 54–65.
Chizhikov, V.V., Millen, K.J., 2004a. Mechanisms of roof plate formation
in the vertebrate CNS. Nat. Rev., Neurosci. 5, 808–812.
Chizhikov, V.V., Millen, K.J., 2004b. Control of roof plate formation by
Lmx1a in the developing spinal cord. Development 131, 2693–2705.
Chizhikov, V.V., Millen, K.J., 2004c. Control of roof plate development and
signaling by Lmx1b in the caudal vertebrate CNS. J. Neurosci. 24,
5694–5703.
Concha, M.L., Burdine, R.D., Russell, C., Schier, A.F., Wilson, S.W., 2000.
A nodal signaling pathway regulates the laterality of neuroanatomical
asymmetries in the zebrafish forebrain. Neuron 28, 399–409.Crossley, P.H., Martinez, S., Ohkubo, Y., Rubenstein, J.L., 2001.
Coordinate expression of Fgf8, Otx2, Bmp4, and Shh in the rostral
prosencephalon during development of the telencephalic and optic
vesicles. Neuroscience 108, 183–206.
Dickinson, M.E., Krumlauf, R., McMahon, A.P., 1994. Evidence for a
mitogenic effect of Wnt-1 in the developing mammalian central nervous
system. Development 120, 1453–1471.
Dudley, A.T., Lyons, K.M., Robertson, E.J., 1995. A requirement for bone
morphogenetic protein-7 during development of the mammalian kidney
and eye. Genes Dev. 9, 2795–2807.
Failli, V., Bachy, I., Retaux, S., 2002. Expression of the LIM-homeodomain
gene Lmx1a (dreher) during development of the mouse nervous system.
Mech. Dev. 118, 225–228.
Furuta, Y., Piston, D.W., Hogan, B.L., 1997. Bone morphogenetic proteins
(BMPs) as regulators of dorsal forebrain development. Development
124, 2203–2212.
Galceran, J., Miyashita-Lin, E.M., Devaney, E., Rubenstein, J.L., Gros-
schedl, R., 2000. Hippocampus development and generation of dentate
gyrus granule cells is regulated by LEF1. Development 127, 469–482.
Golden, J.A., Bracilovic, A., McFadden, K.A., Beesley, J.S., Rubenstein,
J.L., Grinspan, J.B., 1999. Ectopic bone morphogenetic proteins 5 and 4
in the chicken forebrain lead to cyclopia and holoprosencephaly. Proc.
Natl. Acad. Sci. U. S. A. 96, 2439–2444.
Gowan, K., Helms, A.W., Hunsaker, T.L., Collisson, T., Ebert, P.J.,
Odom, R., Johnson, J.E., 2001. Crossinhibitory activities of Ngn1 and
Math1 allow specification of distinct dorsal interneurons. Neuron 31,
219–232.
Gross, M.K., Dottori, M., Goulding, M., 2002. Lbx1 specifies somato-
sensory association interneurons in the dorsal spinal cord. Neuron 34,
535–549.
Grove, E.A., Tole, S., Limon, J., Yip, L., Ragsdale, C.W., 1998. The hem of
the embryonic cerebral cortex is defined by the expression of multiple
Wnt genes and is compromised in Gli3-deficient mice. Development
125, 2315–2325.
Gunhaga, L., Marklund, M., Sjodal, M., Hsieh, J.C., Jessell, T.M., Edlund,
T., 2003. Specification of dorsal telencephalic character by sequential
Wnt and FGF signaling. Nat. Neurosci. 6, 701–707.
Hebert, J.M., Mishina, Y., McConnell, S.K., 2002. BMP signaling is
required locally to pattern the dorsal telencephalic midline. Neuron 35,
1029–1041.
Helms, A.W., Johnson, J.E., 1998. Progenitors of dorsal commissural
interneurons are defined by MATH1 expression. Development 125,
919–928.
Helms, A.W., Johnson, J.E., 2003. Specification of dorsal spinal cord
interneurons. Curr. Opin. Neurobiol. 13, 42–49.
Hollyday, M., McMahon, J.A., McMahon, A.P., 1995. Wnt expression
patterns in chick embryo nervous system. Mech. Dev. 52, 9–25.
Joyner, A.L., 2002. Establishment of anterior–posterior and dorsal–ventral
pattern in the early central nervous system. In: Rossant, J., Tam, P.P.L.
(Eds.), Mouse Development: Patterning, Morphogenesis, and Organo-
genesis. Academic Press, San Diego, pp. 107–126.
Lee, K.J., Jessell, T.M., 1999. The specification of dorsal cell fates in the
vertebrate central nervous system. Annu. Rev. Neurosci. 22, 261–294.
Lee, K.J., Mendelsohn, M., Jessell, T.M., 1998. Neuronal patterning by
BMPs: a requirement for GDF7 in the generation of a discrete class of
commissural interneurons in the mouse spinal cord. Genes Dev. 12,
3394–3407.
Lee, K.J., Dietrich, P., Jessell, T.M., 2000a. Genetic ablation reveals that the
roof plate is essential for dorsal interneuron specification. Nature 403,
734–740.
Lee, S.M., Tole, S., Grove, E., McMahon, A.P., 2000b. A local Wnt-3a
signal is required for development of the mammalian hippocampus.
Development 127, 457–467.
Liang, J.O., Etheridge, A., Hantsoo, L., Rubinstein, A.L., Nowak, S.J.,
Izpisua Belmonte, J.C., Halpern, M.E., 2000. Asymmetric nodal
signaling in the zebrafish diencephalon positions the pineal organ.
Development 127, 5101–5112.
V. Chizhikov, K.J. Millen / Developmental Biology 277 (2005) 287–295 295Liem, K.F., Tremml, G., Jessell, T.M., 1997. A role for the roof plate and its
resident TGFbeta-related proteins in neuronal patterning in the dorsal
spinal cord. Cell 91, 127–138.
Liu, Y., Helms, A.W., Johnson, J.E., 2004. Distinct activities of Msx1 and
Msx3 in dorsal neural tube development. Development 131, 1017–1028.
Logan, C., Wingate, R.J., McKay, I.J., Lumsden, A., 1998. Tlx-1 and Tlx-3
homeobox gene expression in cranial sensory ganglia and hindbrain of
the chick embryo: markers of patterned connectivity. J. Neurosci. 18,
5389–5402.
Louvi, A., Wassef, M., 2000. Ectopic engrailed 1 expression in the dorsal
midline causes cell death, abnormal differentiation of circumventricular
organs and errors in axonal pathfinding. Development 127, 4061–4071.
Luo, G., Hofmann, C., Bronckers, A.L., Sohocki, M., Bradley, A.,
Karsenty, G., 1995. BMP-7 is an inducer of nephrogenesis, and is also
required for eye development and skeletal patterning. Genes Dev. 9,
2808–2820.
Manzanares, M., Trainor, P.A., Ariza-McNaughton, L., Nonchev, S.,
Krumlauf, R., 2000. Dorsal patterning defects in the hindbrain, roof
plate and skeleton in the dreher (dr(J)) mouse mutant. Mech. Dev. 94,
147–156.
Megason, S.G., McMahon, A.P., 2002. A mitogen gradient of dorsal
midline Wnts organizes growth in the CNS. Development 129,
2087–2098.
Millen, K.J., Millonig, J.H., Hatten, M.E., 2004. Roof plate and dorsal
spinal cord dI1 interneuron development in the dreher mutant mouse.
Dev. Biol. 270, 382–392.
Millonig, J.H., Millen, K.J., Hatten, M.E., 2000. The mouse Dreher gene
Lmx1a controls formation of the roof plate in the vertebrate CNS.
Nature 403, 764–769.
Monuki, E.S., Porter, F.D., Walsh, C.A., 2001. Patterning of the dorsal
telencephalon and cerebral cortex by a roof plate-Lhx2 pathway.
Neuron 32, 591–604.
Muller, T., Brohmann, H., Pierani, A., Heppenstall, P.A., Lewin, G.R.,
Jessell, T.M., Birchmeier, C., 2002. The homeodomain factor Lbx1
distinguishes two major programs of neuronal differentiation in the
dorsal spinal cord. Neuron 34, 551–562.
Muroyama, Y., Fujihara, M., Ikeya, M., Kondoh, H., Takada, S., 2002. Wnt
signaling plays an essential role in neuronal specification of the dorsal
spinal cord. Genes Dev. 16, 548–553.
Nguyen, V.H., Trout, J., Connors, S.A., Andermann, P., Weinberg, E.,
Mullins, M.C., 2000. Dorsal and intermediate neuronal cell types of thespinal cord are established by a BMP signaling pathway. Development
127, 1209–1220.
Panchision, D.M., Pickel, J.M., Studer, L., Lee, S.H., Turner, P.A., Hazel,
T.G., McKay, R.D., 2001. Sequential actions of BMP receptors control
neural precursor cell production and fate. Genes Dev. 15, 2094–2110.
Qian, Y., Fritzsch, B., Shirasawa, S., Chen, C.L., Choi, Y., Ma, Q., 2001.
Formation of brainstem (nor)adrenergic centers and first-order relay
visceral sensory neurons is dependent on homeodomain protein Rnx/
Tlx3. Genes Dev. 15, 2533–2545.
Qian, Y., Shirasawa, S., Chen, C.L., Cheng, L., Ma, Q., 2002. Proper
development of relay somatic sensory neurons and D2/D4 interneur-
ons requires homeobox genes Rnx/Tlx-3 and Tlx-1. Genes Dev. 16,
1220–1233.
Solloway, M.J., Robertson, E.J., 1999. Early embryonic lethality in Bmp5;
Bmp7 double mutant mice suggests functional redundancy within the
60A subgroup. Development 126, 1753–1768.
Storm, E.E., Rubenstein, J.L., Martin, G.R., 2003. Dosage of Fgf8
determines whether cell survival is positively or negatively regulated
in the developing forebrain. Proc. Natl. Acad. Sci. U. S. A. 100,
1757–1762.
Timmer, J.R., Wang, C., Niswander, L., 2002. BMP signaling patterns the
dorsal and intermediate neural tube via regulation of homeobox and
helix–loop-helix transcription factors. Development 129, 2459–2472.
Vogel-Hopker, A., Rohrer, H., 2002. The specification of noradrenergic
locus coeruleus (LC) neurones depends on bone morphogenetic
proteins (BMPs). Development 129, 983–991.
Wang, V.Y., Zoghbi, H.Y., 2001. Genetic regulation of cerebellar develop-
ment. Nat. Rev., Neurosci. 2, 484–491.
Wilson, L., Gale, E., Chambers, D., Maden, M., 2004. Retinoic acid and the
control of dorsoventral patterning in the avian spinal cord. Dev. Biol.
269, 433–446.
Wingate, R.J., 2001. The rhombic lip and early cerebellar development.
Curr. Opin. Neurobiol. 11, 82–88.
Wingate, R.J., Hatten, M.E., 1999. The role of the rhombic lip in avian
cerebellum development. Development 126, 4395–4404.
Winnier, G., Blessing, M., Labosky, P.A., Hogan, B.L., 1995. Bone
morphogenetic protein-4 is required for mesoderm formation and
patterning in the mouse. Genes Dev. 9, 2105–2116.
Zhang, H., Bradley, A., 1996. Mice deficient for BMP2 are nonviable and
have defects in amnion/chorion and cardiac development. Development
122, 2977–2986.
